This study has three objectives: (a) to investigate a plant cell suspension culture as a course of cytoplasmic cells for transport studies; (b) to assess alternative methods of estimating cytoplasmic and vacuolar volumes; and (c) to make a start toward understanding the process of vacuolation in plant cells, and the control of cytoplasmic volume.
45% at the start of the phase of rapid cell division. If the culture is continued beyond 7 days, the vacuole volume reaches 90% of cell volume by day 12. Attempts to measure relative cytoplasmic volumes by compartmental analysis of nonelectrolyte effiux were unsuccessful. The proportion of cell volume occupied by cytoplasm is roughly correlated with protein content, but shows no correlation with cell size or with intracellular concentrations of K or Na. The most striking observation is that the growth of cytoplasmic volume for the culture as a whole appears to be constant throughout the culture cycle, despite changes in the rate of cell division, cell size, rate of increase in fresh or dry weight, amount of cytoplasm per cell, the cellular concentration or fluxes of Na or K, and the rate of vacuolation. It is suggested that cytoplasmic volume is under the control ofits own regulatory mechanism, which operates to give a constant exponential increase in cytoplasmic volume independently of most other observed cellular properties.
This study has three objectives: (a) to investigate a plant cell suspension culture as a course of cytoplasmic cells for transport studies; (b) to assess alternative methods of estimating cytoplasmic and vacuolar volumes; and (c) to make a start toward understanding the process of vacuolation in plant cells, and the control of cytoplasmic volume.
Studies of the solute composition of the cytoplasm of plant cells, and of transport across the plasmalemma, have been greatly limited by the fact that the cytoplasm typically occupies such a small proportion of the cell volume. Although use has been made of the relatively cytoplasmic cells in root tips (e.g. 23) and in nematode-infected plants (10) , these materials are difficult to prepare in quantity and lack homogeneity. On the other hand, cytoplasmic algal cells such as Chlorella (2) After centrifugation, 0.5 ml of the supernatant was diluted to 10 ml, and 1.0 ml of this was assayed for protein by the method of Lowry et al. (17) .
Ion Content. Cells were collected by filtration, weighed, then heated with 10 ml H2SO4 (0.09 N) at 90 to 100 C for at least 10 min. Debris was removed by filtration. The filtrate was neutralized with 3 ml of 1 M Tris and made up to 50 ml with water. Potassium concentration was measured with a potassium-sensitive electrode (Orion). Similar results were obtained by flame photometry. Sodium concentration was measured with the flame photometer.
Compartment Volumes by Microscopy. Over the period of the 7-day culture cycle it was possible to use the following standard fixation schedule, adapted from Sutton-Jones and Street (28) . Cells were fixed overnight at 4 C in a solution containing 6% glutaraldehyde, 3% sucrose, and 0.1 M phosphate buffer (pH 7.2). After washing at room temperature in three changes of 0.2 M buffer for 15 min each, the cells were postfixed in 1% OS04 for 1 to 2 h, dehydrated in a graded ethanol series, infiltrated with Spurr (25) epoxy resin, and embedded in Beem capsules. For cultures which were continued for more than 7 days without transfer, it was necessary to reduce the osmolarity of the fixative progressively to avoid plasmolysis. Thus in Figure 3 , cytoplasmic volumes for days 1 to 8, measured after the standard fixation, are joined by a line. A second line, connecting points for days 6 to 12, joins values measured after fixation in 3.5, 2.5, 1.5, and 1.5% glutaraldehyde, respectively, in each case with 0.1 M buffer but omitting the 3% sucrose. These samples were washed in 0.1 M buffer before postfixation.
In an effort to ensure random sampling, at least six blocks were made and sectioned for each batch of cells. Sections approximately 0.25 ,tm thick were cut on a Sorvall Porter-Blum 2 ultramicrotome. They were stained in 0.05% Toluidine blue, mounted in Permount (Fisher Scientific), and photographed under phase contrast optics. The photographs were printed on Kodak RC paper at a final linear magnification of 1 150x.
Individual cell sections were cut from the photographs, and the paper sections were dried at 70 C for 30 min, cooled in a desiccator, and weighed to give a measure of section area. They were then cut with a razor blade into portions representing cytoplasm and vacuole and reweighed. The numerous small vacuoles seen in cytoplasmic cells (Fig. 1) were included in the vacuole fraction, down to the smallest vacuoles which could be separated by this method. All complete cell sections from each frame were used, and a minimum of 80 cells was measured for each day. It was 
RESULTS AND DISCUSSION
Pattern of Growth. The material used in this study showed a pattern of growth similar to that previously observed in this (1, 14, 15, 19) and other (e.g. 6, 9) cell suspension cultures. Cell division ( Fig. 2A) showed a lag period followed by a 3-day period of exponential growth with a doubling time of 24 h, and finally a "stationary" phase. Increase in fresh and dry weight (Fig. 2B ) tends to lag behind the changes in cell number so that, as shown in Figure 3 , the fresh weight per cell decreases from 8 x 10-8 g at time of transfer to a minimum of 4 x 10-8 g on days 3, 4, and 5, then rises again as cell division slows down on days 6 and 7. Also, the protein content per gram (Fig. 3) reaches its maximum during the cell division phase (cf. 6). The short culture cycle used here was intended to keep the cells in a more active state. Accordingly, 15) , and the change in cell size and in vacuolation through the cell cycle (see below) is not as great. It was also noted that on the short culture cycle the cells were much more uniform in morphology (cJf Fig. 1 and ref. 1) . Cell clumps remained small enough to pass through the tip of a serological pipette.
Volume Measurements: Microscopy. Cytoplasmic volumes measured from photomicrographs are presented in Figure 3 . Each different symbol for cytoplasmic volume in Figure 3 represents material taken from a different passage or culture cycle (i.e. a different week). The curves from day 1 to day 8 and from day 6 to day 12 indicate differences in fixation procedure. Comparison of data obtained by different fixations at days 6 and 8 suggests that the osmolarity of the fixative could have some influence on the apparent volume of cytoplasm in these moderately vacuolated cells. However, this appears not to be the case for the more cytoplasmic cells, since at 2 days after transfer, material fixed at lower osmolarity, indicated by the open square, gave a result identical to that from cells fixed by the standard procedure. It remains possible that undetected changes in cytoplasmic volume occur during fixation, regardless of the osmolarity of the fixative, and this possible qualification should be borne in mind in assessing the results.
By means of the various symbols in Figure 3 it is possible to compare the changes in cytoplasmic volume for different cycles: it will be seen that the general pattern is consistent. The curve for cytoplasmic volume is therefore drawn from zero time on the assumption that the volume on day 0 is equal to that on day 7.
Apparent Volumes by Compartmental Analysis. Glinka (7) found corresponded to the sum of two first order components. It was suggested that these components of efflux gave a measure of cytoplasmic and vacuolar volumes, which on this basis represented 11 and 89%o of the intracellular volume, respectively. In the present study, Figure 4 shows that the markers [ssSJthiourea and [14C]-acetamide both entered the cells to approximately the same concentration as in the external solution at 4 C. Moreover, the loss of radioactivity after transfer to unlabeled medium in both cases appeared to show two first order components, with half-exchange times of about 15 min and about 2 h. The proportion of label appearing in the fast component of efflux (Fig. 5) showed no correlation with the proportion of cell volume occupied by cytoplasm based on microscopical measurements (Fig. 3) . It is more difficult to separate cytoplasmic and vacuolar effluxes in cells where the volumes of these compartments are more equal. The fact that these cells nevertheless showed two apparent components of efflux warns against too facile an assignment of these components to cellular compartments.
Relative Volumes of Cytoplasm and Vacuole. The results of quantitative photomicroscopy (Fig. 3) show that the proportion of cell volume occupied by cytoplasm is about 25% at the time of transfer of the cultures to new medium. This increases to 45% by the start of the phase of rapid cell division, but falls during this "exponential phase" to a value of 27% by day 5. Sutton-Jones and Street (28) also showed that in cell suspensions ofAcerpseudoplatanus the cytoplasm reaches its maximum thickness in the early stages of the cell division phase, but they gave no quantitative data. In the present culture, cells on a 7-day cycle never become highly vacuolated, but if the culture is continued for a longer time, the vacuole volume reached 90%7b of the cell volume by day 12 ( Fig. 3) .
There is little quantitative information of this type in the literature. In the unicellular algae Chlamydomonas reinhardii and Chlorella pyrenoidosa the vacuole has been shown to occupy only 8% and 8 to 13% of the cell volume, respectively (2, 24) . Much of the cytoplasmic volume in these cells is occupied by chloroplasts. In the cytoplasmic cells of the first 1 mm of the mung bean root tip, cytoplasm was found to occupy an average of 77% of the intracellular volume (5). In vacuolate cells, there are a number of rough estimates of cytoplasmic volume based on the average thickness of the cytoplasmic layer. The cytoplasmic volume for oat coleoptile cells (20) and pea epicotyls (18) was estimated in both cases at 3.5%. For storage tissue of beet and for barley roots, values of 5 and 8.3%, respectively, of the tissue volume have been estimated (21, 22) .
Significance of Changes in Cytoplasmic Volume. In addition to the proportion of cell volume occupied by cytoplasm, Figure 3 shows some other cell properties, namely protein content per gram, cell size (cell fresh weight), and the intracellular concentrations ofNa+ and K+. An Figure 3 ; bars indicate volumes calculated from duplicate measurements of fresh weight. Separate line connecting points for cytoplasmic volume at 6, 8, and 12 days indicates a different fixation procedure (see Fig. 3 and Materials and Methods). Curve for total protein is also calculated from the data of Figure 3 together with fresh weight measurements.
in cell volume have commonly been observed during the exponential division phase in cell cultures (e.g. 6, 15). In Figure 3 , there is a fairly close correspondence between the time course of cytoplasmic volume and that ofprotein content. There is a discrepancy between these curves at day I and to a lesser extent at day 8. More data would be required to judge the significance of this. No relationship is apparent in Figure 3 between cytoplasmic volume and cell size.
The data on ion content (Fig. 3) show an increase in the ratio of K+ to Na+ at the beginning and a decrease at the end of the culture cycle. This is attributable to changes in the external concentration of K+, which is in rather short supply in this medium, and becomes exhausted by the end of the cycle. The sudden increase in K+ content between days 4 and 5 is of more interest, and may indicate an activation of transport during rapid Plant Physiol. Vol. 64, 1979 vacuolation of the cells. It may be calculated from the data that the rate of net uptake of K+ increases from approximately 0.3 ,ueq/g. h between days 2 and 3 to approximately 3 ,teq/g* h between days 4 and 5. This more than compensates for the dilution of cell contents resulting from expansion of the vacuole (Fig. 3) . It may be concluded that cytoplasmic volume shows no correlation either with the cellular concentrations of K+ and Na+, or with their fluxes.
A more striking result is obtained if the data are plotted to show the increase in cytoplasmic and vacuolar volumes in the culture as a whole (Fig. 6 ). Although vacuolar growth shows the expected lag followed by a rapid increase, the curve for cytoplasmic volume is not significantly different from a straight line during the 7 days of the normal culture cycle. The rate of increase in cytoplasmic volume only declines at a later stage, by which time the osmolarity of the medium has fallen from an initial value of 168 mosmol to 15 mosmol (data not shown) and increase in fresh weight, dry weight, and protein content has ceased. The rate of increase in cytoplasmic volume is in fact the only parameter measured in these cultures which shows no detectable change for the duration of the culture cycle. It may be noted that the values for cytoplasmic volume (Fig. 6 ) are obtained by multiplying the fresh weight of the culture by the proportion of intracellular volume occupied by cytoplasm. The total volume will be in error to the extent that the density of the cytoplasm differs from unity, but the pattern of results will not be significantly affected.
Thus, at least under these particular experimental conditions, the growth of cytoplasmic volume is apparently unaffected by the rate of cell division, cell size, the rate of increase in fresh or dry weight, the amount of cytoplasm per cell, the cellular concentrations of Na+ or K+, the rate of K+ uptake, or the rate of vacuolation. Of all of these factors, only cytoplasmic volume seems to show an uninterrupted exponential increase during the culture cycle.
The increase in total protein (Fig. 6) is also of interest in that it comes closer to a constant exponential curve than any other factor except cytoplasmic volume. As seen in Figure 3 , there is a suggestion of a lag in synthesis at day 1 and an earlier decrease in growth compared with cytoplasmic volume. Nevertheless, like the cytoplasmic volume increase, net protein synthesis also appears to be independent of most of the variables of the culture cycle.
Regulation of Cytoplasmic Volume. Cytoplasmic volume control is a problem which may be considered more or less distinct from the question of cell turgor pressure regulation. These two features of plant water relations have been considered in a number of recent reviews (3, 8, 30) . Regulation of cytoplasmic volume in vacuolate cells appears to be analogous to the regulation of cell volume in wall-less cells. There is evidence both from animal cells (e.g. 12, 13) and from wall-less algae (e.g. 11) that cell volume is not determined in a simple passive way, resulting from the combined effects of protein osmotic pressure and the independent activity of ion pumps, but rather that there must be a positive volume control involving a volume-sensing mechanism and feedback regulation of ion transport or organic solute synthesis. Similar homeostatic mechanisms have been proposed for the regulation of cytoplasmic volume in vacuolate cells (26, 29) .
Our understanding of volume regulation is still extremely limited. For instance, it has been suggested that the volume of wallless cells may be sensed by the tension of the plasma membrane (11, 12) , but this concept is less simple in vacuolate cells, where the tension of the tonoplast presumably depends more on the volume ofthe vacuole than on the volume ofcytoplasm. Moreover, current concepts of volume regulation focus on adaptation to environmental changes, but largely ignore the question of how the cytoplasmic volume keeps pace with other cellular growth processes. The results shown in Figure 6 suggest that cytoplasmic volume is under the control of its own regulatory mechanism, which operates not in a homeostatic mode, to give a constant volume, but rather in a servo mode (cf 3) to give a constant exponential increase in volume.
It has been noted above that the net growth of protein is also remarkably constant over most of the culture cycle. However, it is not yet clear to what extent the control of cytoplasmic volume may be linked to protein content or to protein synthesis. Although this and other questions remain unanswered, the relative constancy of the rate of increase in cytoplasmic volume shown in this study may throw new light on the processes of growth and vacuolation in the plant cell.
